and South Asia (Fig. 3A and fig. S14 ). The detection of an hpAsia2 strain in the Iceman's stomach is rather surprising because despite intensive sampling, only three hpAsia2 strains have ever been detected in modern Europeans. Stomachs of modern Europeans are predominantly colonized by recombinant hpEurope strains. Further analysis with the STRUCTURE linkage model (23) , used to detect ancestral structure from admixture linkage disequilibrium, revealed that the ancient H. pylori strain contained only 6.5% [95% probability intervals (PI) 1.5 to 13 .5%] of the northeast African (AE2) ancestral component of hpEurope (Fig. 3B) . Among European strains, this low proportion of AE2 is distinct and has thus far only been observed in hpAsia2 strains from India and Southeast Asia. In contrast, the three European hpAsia2 strains (Fig. 3B , black arrows) contained considerably higher AE2 ancestries than that of the H. pylori strain of the Iceman (Finland 13.0%, PI 5.9 to 21.7; Estonia 13.2%, PI 6.2 to 22.3; and the Netherlands 20.8%, PI 11.5 to 31.7), although 95% probability intervals did overlap. A principal component analysis (PCA) of the MLST sequences of the hpAsia2, hpEurope, and hpNEAfrica populations revealed a continuum along PC1 that correlates with the proportion of AE2 ancestry versus AE1 ancestry of the isolates (Fig. 3C) . The Iceman's ancient H. pylori was separated from modern hpEurope strains, and its position along PC1 was close to modern hpAsia2 strains from India, reflecting its almost pure AE1 and very low AE2 ancestry.
Comparative whole-genome analyses (neighbor joining, STRUCTURE, and principle component analyses) with publicly available genomes (n = 45) confirmed the MLST result by showing that the Iceman's ancient H. pylori genome has highest similarity to three hpAsia2 genomes from India (figs. S15 to S17). Although the Iceman's H. pylori strain appears genetically similar to the extant strains from northern India, slight differences were observed along PC2 in both MLST (Fig. 3C ) and genome PCAs ( fig. S17 ) and in the neighbor joining tree ( fig. S15 ). To further study genomic-scale introgression, we performed a high-resolution analysis of ancestral motifs using fineSTRUCTURE (24) . The resulting linked co-ancestry matrix (Fig. 4) showed that the ancient H. pylori genome shares high levels of ancestry with Indian hpAsia2 strains (Fig. 4 , green boxes), but even higher co-ancestry with most European hpEurope strains (Fig. 4 , blue boxes). In contrast, the Iceman's H. pylori shares low ancestry with the hpNEAfrica strain, a modern representative of AE2 (Fig. 4 , black box), and with European strains originating from the Iberian Peninsula, where the proportion of AE2 ancestry is relatively high (Fig. 4 , white box) (4). Our sample size (n = 1) does not allow further conclusions about the prevalence of AE1 in ancient Europe and the course or rate of AE2 introgression. However, the ancient H. pylori strain provides the first evidence that AE2 was already present in Central Europe during the Copper Age, albeit at a low level. If the Iceman H. pylori strain is representative of its time, the low level of AE2 admixture suggests that most of the AE2 ancestry observed in hpEurope today is a result of AE2 introgression into Europe after the Copper Age, which is later than previously proposed (4, 6 The driving force behind Quaternary glacial-interglacial cycles and much associated climate change is widely considered to be orbital forcing. However, previous versions of the iconic Devils Hole (Nevada) subaqueous calcite record exhibit shifts to interglacial values~10,000 years before orbitally forced ice age terminations, and interglacial durations~10,000 years longer than other estimates. Our measurements from Devils Hole 2 replicate virtually all aspects of the past 204,000 years of earlier records, except for the timing during terminations, and they lower the age of the record near Termination II by~8000 years, removing both 10,000-year anomalies. The shift to interglacial values now broadly coincides with the rise in boreal summer insolation, the marine termination, and the rise in atmospheric CO 2 , which is consistent with mechanisms ultimately tied to orbital forcing.
C
hanges to Earth's orbital configuration relative to the Sun, known as the Milankovitch hypothesis, astronomical theory, or orbital forcing, have long been considered the leading theory for the primary mechanism driving Quaternary glacial-interglacial cycles (1-3) and associated climate change. The hypothesis is supported by a huge array of evidence from paleoclimate records across the globe, which show that major shifts in SCIENCE sciencemag.org climate took place throughout the Quaternary on orbital time scales (2, 4, 5) . One particular seminal paleoclimate record, however, the~500-thousand-year (ky) Devils Hole record from Nevada (fig. S1) (36°25'N, 116°17'W; 719 m above sea level), has challenged this hypothesis for nearly three decades (6) (7) (8) . Of note is the controversy (4, 9-11) surrounding the timing of events at the end of the penultimate glacial period [Termination II (TII)]. At issue is whether TII preceded the rise in boreal insolation, in which case TII could not result directly from orbital forcing. The current Devils Hole chronology places the TII shift to interglacial values~10 ky before the rise in boreal summer insolation ( Fig. 1 ) and the duration of the last interglacial period to almost double its equivalent in other records, both of which are inconsistent with a straightforward explanation in terms of orbital forcing.
The controversial findings generated discussion on (i) dating accuracy (12) (13) (14) (15) (16) and resolution (17, 18) ; (ii) the possibility that the record represents a regional hydrological signal (19) (20) (21) ; and (iii) phase leads and lags between proxy records (7, 18, 22) . Deviation from an orbital pacing was highlighted in the original Devils Hole record (6), with a chronology based on alpha-counting U dating of sample DH-2. This record was later replicated with higher-precision thermal ionization mass spectrometric ages on sample DH-11 and extended deeper in time (7, 8) . A mechanism was immediately suggested whereby water-sourced 230 Th incorporated during calcite growth could lead to artificially old ages (12, 14) . However, measurements on the outer surfaces of DH-11 and DH-2, both of which had been submerged for an extended period of time, showed that this process operated only at low efficiency, under the presumption that the adsorption of 230 Th was irreversible (15, 16) . Several years later, concordant 231 Pa and 230 Th ages were obtained on an~80-ky-old subsample of DH-11 (13) , consistent with an accurate chronology for this portion of the record. In the following two decades, the accuracy of the DH-11 chronology remained unchallenged.
More recently, marine cores off the west coast of the Americas recorded changes in temperature before marine d
18
O terminations (21) . These observations were interpreted in terms of changing surface currents resulting in changing temperature. If Devils Hole recorded these early changes in regional temperature, the difference between the Devils Hole record and the marine d
O record would be explained.
The record was then extended to the Holocene, using samples DHC2-3 and DHC2-8 (23), both collected from Devils Hole 2 (24), a cave similar to Devils Hole and 200 m away from it. The portion near TI could also be explained in terms of changing surface currents in the eastern Pacific (21) .
Despite the apparent resolution, the controversy has subsequently been revived. Great Basin dripstone ( fig. S1 ) records exhibit shifts to interglacial values around the time of marine TII (25, 26) and TI (27) and therefore replicate neither of the early shifts documented at Devils Hole (7, 8, 23) . Thus, the controversy currently centers on major chronological discrepancies between the subaerially formed Great Basin dripstone and subaqueously formed Devils Hole records. Fig. 1 To address this controversy, we tested the reproducibility of the Devils Hole record by reanalyzing DH-2 ( fig. S2) Considering our data, the results confirm the overwhelming majority of the features of the original studies (6) (7) (8) 23) , verifying the original analytical results and the reliability with which the groundwater system and the calcite precipitated from it record climate. Portions of the record have now been replicated four times with similar results. The general character and range of d
O variations, and the U isotopic compositions and concentration, are all similar to those in the original reports (6, 8, 23) ( Fig. 1 and table S1 ). Further, large portions of our chronology replicate the original chronologies (8, 23) . Between 28 to 112 thousand years ago (ka), DH 2 -D replicates at significantly higher resolution the timing of the previous chronology (8, 23) (Fig. 1) , while further adding support for the timing of the isotopic maximum that occurs at about the time of marine isotope stage 5a, with an age of 82.5 ± 0.7 ka, replicating the original 230 Th age of 80.6 ± 2.5 ka (7, 8) and the 231 Pa age 82.5 ± 2.8 ka (13).
Considering our data sample by sample, starting with our deepest sample (DH-2: -21 m), we find that within quoted uncertainties, the newly analyzed portion of DH-2 replicates both the original DH-2 (6) and DH-11 records (7, 8) , thus verifying the original analytical results, including measurement of the U and Th isotopes used in calculating ages. The first hint of an age discrepancy occurs at about the time of TII, because the shift in d
O values in our DH-2 record is nominally later than the shift in DH-11 (7, 8) (Figs. 1 and 2) .
Moreover, comparison of our two highestelevation d
18 O records (DH 2 -D: +2.1; DH 2 -E: +0.8 m) to those from deeper cores yields large discrepancies in chronology, well outside of analytical error (Figs. 1 and 3 and fig. S4 ). These discrepancies are largely confined to and clearly observed at times that correspond to each of the last two terminations, but are best resolved during TII because calcite deposition rates are higher than during TI ( Fig. 1 and fig. S5 ). The
230
Th chronology of the shift to interglacial values is systematically younger for cores collected at higher elevation ( Figs. 1 and 2) , with the shallowest core recording a time of 132.2 ± 1.5 ka (24) for the midpoint of the shift to interglacial values, as compared with a value of 142 ± 3 ka (18) for the deepest sample for which TII data have been reported. The shift toward glacial values at the end of the last interglacial is similar in all records (Figs. 1 and  2) . Therefore, the duration of the last interglacial d
18 O peak as recorded in the samples also shifts systematically with sample elevation, with a last interglacial duration of 16.1 ky (measured from the midpoint of rise to the midpoint of fall) recorded in DH 2 -D as compared to a DH-11 duration of~22 ky (table S2) (7, 8, 18) . Considering just the portion of the peak that records the highest d 18 O values, DH 2 -D records a 6-ky duration (from 127 to 121 ka), which is close to half the duration recorded in DH-11 (7, 8, 18) . Thus, the shallowest core records the latest shift to interglacial conditions and the shortest duration for the last interglacial d
18
O peak (Figs. 1 and 2) . The explanation for the relationship between apparent age and sample elevation probably lies in 230 Th incorporated in the growing calcite from the water, as raised previously (12, 14) and argued to be negligible (15, 16) . The discussion at that time assumed irreversible adsorption of 230 Th onto the walls (12, (14) (15) (16) . In light of our data and considering advanced understanding in the distribution of 230 Th in seawater (28, 29), we consider irreversible exchange unlikely. Indeed, vertical profiles through the ocean water column show that both particulate and dissolved (Fig. 4) (24) is consistent with a reversible exchange-generated increase of 230 Th with depth in the TII Devils Hole water column.
The appearance of age anomalies during terminations may result from several factors. First, the water table was higher than at present during both TI and TII, before it progressively declined during the respective following interglacials ( Fig. 1 ), in agreement with progressively drier conditions during interglacials (30, 31) . One would therefore expect that for a given elevation, the water 230 Th concentration would have increased during the pluvial periods associated with terminations and then decreased over the course of the proceeding interglacial. Second, lower depositional rates during times of the anomalies ( Fig. 1 and fig. S5 ) may play a role in the incorporation of excess 230 Th onto the calcite (12) . Finally, wetter conditions associated with higher water tables could be associated with increased groundwater flow rates and Regardless of the details of the mechanism, if progressively higher levels of 230 Th at depth are responsible for the anomalies, then the shallowest core, which records the youngest ages, has the most accurate chronology. Thus, we consider the chronology of the DH 2 Th and provides an accurate chronology.
In contrast to DH-11 (7, 8) , the timing of TII and the duration of the last interglacial d (33) , the marine termination (34) , and the TII Weak Monsoon Interval (4). The mechanism for 18 O enrichment in precipitation could be increasing temperature (6-8, 21, 23) , in which case the temperature rise could be caused by the rise in global atmospheric CO 2 , which has been closely tied to orbital forcing (4) . However, it is also likely that changes in the proportion of summer (high-d 18 O today) to winter (low-d 18 O today) meteoric precipitation (i.e., changes in seasonality) played a role. If so, the low d (36) , so that the temperature-dependent calcitewater fractionation would have had little effect on calcite d
O. Also, the rainfall seasonality mechanisms do not directly relate to regional temperature and could plausibly explain the absence of a Devils Hole "lead" that is analogous to the lead in temperature observed in the marine cores (21) .
Finally, in our (DH 2 -D) chronology, the prominent low in d
13
C at the end of TII is shifted to younger values by about 7 ky (Fig. 1) relative to the DH-2 and DH-11 (37) records, thus coinciding with the boreal summer insolation peak. Because this could be a time of regional warmth and relatively high warm-season rainfall, our timing supports the idea (37) that such d 13 C lows are caused by more extensive vegetation cover and productivity in the source region for the aquifer.
Our chronologies from Devils Hole have demonstrated that there is a systematic offset in the age of calcite deposited at increasing depths in these open fractures across glacial terminations, thus helping to solve one of the great paleoclimate enigmas of the past three decades.
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